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ABSTRACT

Experimental carcinogenesis StUdies uslngp53-deficient mice have sug
gested that loss of function of this twnor suppressor gene is generally not
an early event but is rather related to tumor progression. However, the
biological functions of p53 and the accumulating evidence of alteration in
human tumors imply a possiblerole for lossof p53 In the initial stages of
tumorigenesis. Ethylnitrosourea administration top53-hetemzygom preg
nant mice resulted in rapid development of primary brain tumors, which
are extremelyrare in mice,in 70% of thep53-null offspring.Brain tumors
also developed later in 4% of heterozygous mice, but they had lost the
wild-type allele. Thus, loss of normal p53 gene expression is of direct
significance to early events in brain tumorigenesis, and this tumor sup
presser gene may protect embryos from DNA damage in the brain in
duced by transplacental carcinogen exposure.

INTRODUCTION

The p53 tumor suppressor gene is frequently mutated and product

function is lost in various types of human cancers (1). However, the

precise manner in which p53 inactivation contributes to tumorigenesis

is still not understood. Recently, several possible mechanisms have
been suggested from in vivo and in vitro studies of p53 function. For
instance, p53 has been shown to play a role in the cell cycle check
point responsible for G1 arrest in response to DNA damage (2, 3). It
has also been reported to be required for DNA damage-induced
apoptotic cell death (4â€”7).Furthermore, loss of p53 function has been

shown to be associatedwith genomic instability and the acquisition of
aneuploidy (8, 9). As a key mediator of the cellular response to DNA

damage, p53 might be expected to play an important role in the early
eventsin tumorigenesis.

However, recent studies of carcinogen-inducedtumors in p53-
deficient mice demonstrated that a reduction of the p.53 gene dosage

does not increase the occurrence of skin papillomas, but is associated
with conversion of benign papillomas to aggressive carcinomas in a
two-step skin carcinogenesis model (10). In addition, p53 knockout
mice do not show an increased susceptibility to dimethylnitrosamine
inductionof liver tumors(11). These studies suggest that loss of the
p53 gene may not contribute to the initiation of carcinogenesis.

However, it is well known that p53 functions are tissue and cell type
specific. Alteration of the p53 gene is generally thought to be a late
event in human colorectal, lung, and liver cancers. In contrast, p53
mutations have been identified in precancer lesion arising in the
esophagus, breast, and brain (12â€”14).Loss or mutation of the p53
gene is especially common in glial tumors in man and is reported to

be the earliest detectable event in their development (15, 16). Fur

Received9/3/96;accepted12/20/96.
The costsof publicationof this articleweredefrayedin part by thepaymentof page

charges.This article must thereforebe hereby markedadvertisementin accordancewith
18 U.S.C. Section 1734 solely to indicate this fact.

I Supported by Grants-in-Aid for Scientific Research on Priority Areas from the

Ministry of Education,Science,SportsandCulture,the SmokingResearchFoundation,
andthePrincessTakamatsuCancerResearchFund.

2 These authors contributed equally to this work.

3 To whom requests for reprints should be addressed. Phone: 03-5802-3345; Fax:

03-5802-3346.

thermore, in vitro studies (17, 18) have indicated that astrocytes from
the brains of p53-deficient mice show accelerated growth and malig
nant transformation. Heterozygous astrocytes, which are able to sur
vive crisis, grow rapidly and show transformationwith lost of the
wild-type allele in all the outgrowing heterozygous cells. Thus, ab
senceof wild-type p53 may be a prerequisiteor predisposingfactor
for brain glial tumor development.The previousstudieson carcino
gen-induced tumors in p53-deficient mice were restricted with skin
and liver carcinogenesis models (10, 11).

To assess the possibility that p53 may be of importance to initiation
of carcinogenesisin other organs, the wide-spectrum carcinogen
ENU4 was administered to p53-heterozygous pregnant mice, and the
induced tumors were compared in the transplacental-exposed off
spring of different genotypes. Primary brain tumors developed rapidly

in 70% of thep53-null offspring.Brain tumorsalsodevelopedlater in
4% of heterozygousmice,but theyhadlostthe wild-type allele. These
fmdings suggested that loss of normal p.53 gene expression might be
of direct significance to early events in brain tumorigenesis.

MATERIALS AND METHODS

Animals and Experimental Procedures. Characterization of the p5.3
gene-targetingmice that we usedhasbeenreportedin detail previously(19).
Their background was C57BL16 and CBA (25% C57B1J6 and 75% CBA). A

pair of heterozygousp53mice,eachbearingonewild-type andonedisrupted
allele (designated+1â€”)were matedto generatea litter containingall three
genotypes:+1+, +1â€”,and â€”Iâ€”.Briefly, p53-deficientheterozygousfemale
mice were housed overnight three to a cage with a p53-deficient heterozygous

maleasabreeder.Thepresenceof avaginalplug thenextmorningcausedthat
day to bedesignatedasDay 0.5. Pregnantfemaleswerehousedindividually.
Groupsof pregnantmicewereinjectedi.p. with ENU (NakaraiChemicalCo.,
Kyoto,Japan)on one of the gestationaldays 12.5,14.5,and 16.5at a dosage
of 25 mg/kg body weight.The ENU was freshly dissolvedin physiological
saline. Control mice received physiological saline alone. After birth at 20 days
of gestation,theoffspringweremaintainedwith themotheruntil weaningat4
weeks of age. The genotypes of a total of 168 offspring, including 109
ENU-administered mice and 59 control mice, were determined by Southern
blotting or PCR using tail-tip DNA samplesas describedearlier (19). All
animalswerehousedin acontrolledenvironmentat23Â°CandfedonNMF diet
(Oriental Yeast Co. Ltd., Tokyo, Japan) and tap water at libitum.

PathOlOgy and Immunohistochemistry. Autopsies were performed on
deador moribundanimals,and all survivors were killed and subjectedto
completeautopsiesat week 34. Tissueswere fixed in 10%neutralbuffered
formaldehydefor routine light microscopyand immunohistochemistry.All
organswere grosslyexamined,and representativesliceswere preparedfor
H&E staining.Particularattentionwaspaid to the brain, which wascut into
2-mm-thickslicesfor detailedobservation.

For immunohistochemistry,the braintumorswere stainedwith several
antibodiesas listedbelow by meansof the avidin-biotin-peroxidasecomplex
method using 10% neutral buffered formaldehyde-fixed, paraffin-embedded

sections(20). PolyclonalantibodiesagainstGFAP (Nichirei, Tokyo, Japan),
S-lOO(DAKO, Glostrup, Denmark),and NSE (Nichirei) and monoclonal
antibodies against OFAP (DAKO), synaptophysin (Boehringer Mannheim,

4 The abbreviations used are: ENU, ethylnitrosourea; GFAP, glial fibrillar acidic

protein;NSE, neuron-specificenolase.
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Mannheim, Germany), neurofilaments (DAKO), and cytokeratin (DAKO)
were usedfor primary antibodies.For visualization,3,3'-diaminobenzidine
tetrahydrochlorideandhydrogenperoxidewereused.For eachstainingrun,
positivecontrols(normalnontumorouspartof thebrain)werealwaysincluded
with normalswineserumin placeof the first antibodyappliedasa negative
control.

Analysis ofAllele Loss of thep53 Gene. After microscopic identification,
two brain tumors occurring in heterozygousmice and two corresponding
normal brain areas were carefully dissected from the paraffin blocks as

describedpreviously(21). Briefly, paraffin blocksweresectionedat 10 @.tm
and attachedto glassslides,and then tumor andnontumorpartSweremdc
pendentlyexcisedfrom 10 slides of each specimenunder a microscope.
Paraffinwaseliminatedby threeextractionswith xylene,followedby immer
sion in ethanoland drying and digestionin 500 @lof lysis buffer (50 mM
Tris-HC1,pH 8.0, containingproteinaseK to a final concentrationof 0.5
mg/mI)at 55Â°Cfor 24 h. After phenol-chloroformextraction,genomicDNA
was precipitated with ethanol. All possible precautions were taken to avoid

contamination.GenomicDNA wasdissolvedin a total volumeof 50 @lof
solutioncontaining1X PCRbuffer [10 miviTns-HC1,pH 8.3,50 nmiKC1,1.5
mM MgC12, 0.001% gelatin (w/v)], 0.2 mM each dNTP, 1 @molofeach primer,

and2.5unitsof Taqpolymerase.Templatesweredenaturedfor 5 mmat92Â°C,
followed by 40 cyclesof PCRwith incubationsof 1 mm at 52Â°C,2 mm at
72Â°C,and I mmat 92Â°C.Theprimersusedwereasfollows,coveringexons2
and6 of themousep53 gene(22) andpartof exon 1of themiceH-ras gene:
p53 exon 2, 5'-CTCTC'FACAGATGACTGCCA-3' and 5'-CCACTCA
CAG1TfCCATAAG-3'; exon6, 5'-UGCTmAGGCCTGGCTC-3' and
5'-TFACAGACCTCGGGTGGCT-3'; H-ras exon 1, 5'-AGCGATGACA

GAATACAAGA-3' and 5'-CTCTATAGTGGGATCATACTC-3'. PCR prod
ucla yielded by these primer sets were 101, 132, and 115 bp for exons 2 and
6 of thep53 geneandexon I of the H-ras gene,respectively.

a

RESULTS

Survival curves of the experimental group are shown in Fig. la.
PS3â€”'â€”offspring receiving transplacental administration of ENU
began to die at 8 weeks after birth, with a steep drop in the survival
rate. The other genotypes of the experimental group showed no

significant differences in survival curves. In the control group, only
two p53â€”1â€”animals died due to thymic lymphomas during obser
vation.

Complete autopsies were performed on all the experimental and
control group animals. The ENU treatment groups comprised the 17
PS3â€”'â€”,55 pS3+/â€”,and 37 pS3+I+ mice. As shown in Table 1 and
Fig. lb, analysis of tumor spectraof induced tumors revealed marked
intergroup differences. In addition to malignant lymphomas and soft
tissue sarcomas,which commonly develop in p53-deficient mice (23,
24), and lung adenocarcinomas/adenomas, which have frequently
been observed in mice transplacentally exposed to ENU (25), we
found a large number of brain tumors consisting of glioblastomas and
medulloblastoma.Because malignantschwannomaappearedfromthe
cranial nerve, mainly the trigeminal nerve, we excluded this type of
tumor from the amount of brain tumors. Of the 17 p53â€”Iâ€”mice, 12
(70.6%) showed primary brain tumors as opposed to only 3.6% (2 out
of 55 mice) of p53+1â€” mice and none of the p53 wild-type offspring
(Fig. lc). There was no significant dependence on the sex of the
PS3â€”'â€”mice or the day of ENU administration (data not shown).
Brain tumors appearedonly 8 weeks after birth in p53â€”Iâ€”mice given
ENU, and their numbers increaseddramatically; all of this group died
due to brain tumors or other tumors, such as malignant lymphomas
and soft tissue sarcomas, by week 20. In the p53+1â€”case, the first
animal bearing a brain tumor died after 17 weeks, and at the final
sacrifice, only one more such lesion had developed in this group.

The primary brain tumors occurring in p53-null, as well as het
erozygous, mice were observed in the cerebrum near the hippocam

pus, just above the lateral ventricles. The cut surfaces often showed
hemorrhage and sometimes necrosis (Fig. 2A). Ventricular and sub
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Fig. 1. Survival curves (a), tumor incidence according to p53 gene status (b), and brain
tumor incidences(c). TransplacentalENU administrationto p53-heterozygouspregnant
mice resultedin rapid deathselectivelyin the p53-null offspring(ENU, â€”Iâ€”).The other
genotypes of the experimental (ENU) and control (Con:.) groups showed no significant
differences in survival curves, although some control p53-null mice and heterozygotes in
the experimentalgroup died of thymic lymphomasand soft tissuesarcomas(a). Glio
blastomas were primarily observed in a p53-null environment. There was no close relation
betweenthebackgroundp53 genestatusandtumor incidence.Thenumberat thehÃ§@dof
eachcolumn indicatestumor incidence(%) (b). Brain tumorsdevelopedrapidly @nthe
p53-null offspring from only 8 weeks after birth. The number of mice bearing brain
tumorsincreaseddramaticallyuntil 20 weeksafter birth, at which time all the p53-null
offspring had died due to brain lesions, thymic lymphomas, or soft tissue sarcomas (c).
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Table 1 Tumor spectra in the experimentaland controlgroupsThe

numbersof eachtumortypearelistedaccordingto eachgenotypeof mouse.Thenumbers
in parenthesesarethepercentagesof themicebearingthetumortypeamongthetotal

number of the mice of a given p53 genotype in eachgroup.p53

ENU administration group Controlgroupgenotype
(total no., 109) (total no.,59)â€”Iâ€”

(n 17) (n11)I
1 glioblastomas (64.7%) 4 malignantlymphomas(36.2%)5

lung adenocarcinomas(29.4%) 1angiosarcoma(9.0%)5
malignantlymphomas(29.4%) 1undifferentiatedsarcoma(9.0%)4

undifferentiated sarcomas(23.5%)I
medulloblastoma(5.8%)1
malignantschwannoma(5.8%)+1â€”

(n 55) (n32)41
lung adenomas/adenocarcinomas (74.5%) Notumor10
malignant schwannoma(18.1%)3
malignantlymphomas(5.4%)2
glioblastomas(3.6%)+1+

(n 37) (n16)28
lung adenomas/adenocarcinomas(75.6%) Notumor1
hepatocellular adenoma (2.7%)

BRAIN TUMORS IN p53 KNOCKOUT MICE

anticytokeratin, NSE, synaptophysin, and neurofilament antibodies.
For GFAP immunostaining, we used several antibodies, including
polyclonal and monoclonal antibodies, as primary antibodies and
obtained the identical results. The immunohistochemical results con
firmed an origin in glial cells in these cases.

To determine the p53 gene status in the two brain tumors in
heterozygous mice, we analyzed for loss of the gene by the PCR

method. Because the lesions were only identified on histological
analysis, we extracted DNA from paraffin-embedded specimens after
microdissection and amplified genomic DNA by means of PCR for
exon 2. Our targeting mice were produced by insertion of a neomycin

resistancegeneat the NotI site of exon 2 of thep53 gene; this insertion
resulted in an exon larger than 1.5 kb (19). DNA extracted from
paraffin-embedded specimens is short, usually no more than 500 bp.
Therefore, if the wild-type allele of the p53 gene is lost, exon 2 of the
PCRproductcannotbeidentified.To ruleoutfalsenegativeresults,
we amplified exon 6 of the p53 gene and exon 1 of the H-ras gene as
controls. As illustrated in Fig. 3, the normal brain portions showed all
PCRproductsclearly,whereastumorslackedanyproductsforexon2
of the p53 gene, indicating loss of the wild-type allele in both cases.
This link argues for a close relationship with brain tumor develop
ment.

DISCUSSION

The most striking finding in the present study was the occurrence of
brain tumors of glial origin in mice becauseseveral models for brain
tumors have previously been reported, but there have never been any
malignant glial tumors described in mice (26). Transgenic mice in
troduced with SV4O large T only develop choroid plexus tumors (27,
28). In rats, transplacental exposure to ENU was reported to cause
several types of brain tumors, and this model system for nervous cell

tumors hasbeen used for more than 20 years. However, disadvantages
of the rat model include extensive variability in tumor type, location,

induction times, and malignant characteristics (26, 29). The glioblas
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archnoidalinvolvement was often observed, extending as far as the
subarchnoidal space of the spinal cord in one case (Fig. 2B). Histo
logically, a uniformpatternwas observed. Eleven of 12 lesions were
characterized by large and bizarre tumor cells with round polygonal
nuclei, prominent nucleoli, and polygonal or short spindle-shaped
cytoplasmic elements and were accompanied by marked angiogenesis
(Fig. 2C). The single tumor observed in the cerebellum was composed
of small tumor cells with hyperchromatic nuclei and scant cytoplasm
with occasional rosette formation. We diagnosed the former type of
tumor as glioblastoma and the latter as medulloblastoma. To confirm

the histopathological diagnoses, we performed immunohistochemical
analysis using several antibodies. The brain tumors showing a glio
blastoma-type appearancehad scattered cells positive for anti-GFAP
(Fig. 2D) and anti-S-lOO antibodies but negative for binding of

1Fig. 2. Histopathologyof brain tumorsin p53-
null and heterozygous mice. The cut surface of a
brain demonstrates a primary brain tumor in the
cerebrum near the hippocampus just above the yen
tricle. Such lesions often showed hemorrhage and
sometimes necrosis (A, H&E stain, X 12). Ventric
ular and subarchnoidal involvement of brain to
mors was often observed, in one case as far as the
subarchnoidal space of the spinal cord (B, H&E,
X24). Eleven of 12 brain tumors observed in p53-
null and heterozygousoffspring were histopatho
logically diagnosed as glioblastomas (C, H&E,
X245). Immunohistochemical analysis using sev
eralantibodiesconfirmedtheglioblastoma-typeto
mors to be of glial origin becauseof positive reac
tions for GFAPand5-100andnegativebindingof
antibodies against NSE, neurofilaments, and syn
aptophysin.(d, GFAP immunohistochemistry,
x370)
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Southern blot analysis (data not shown). Therefore, p53 gene status
may not be important for occurrence of such tumors, and another gene
or other genes might play a significant role in the development of

tumors other than brain tumors.

Until recently, the p53 gene was considered to have no role in
embryonic development because p53-null mice are born normally (23,

24). However, recent studies have suggested that the number of the
p53-null offspring might be reduced as compared with p53 wild-type
littermates (31). In addition, transplacental administration of a terat

ogen, benzo(a)pyrene, resulted in a marked reduction of the propor
tion of p53-null pups (32). Furthermore, some p53-deficient mice
have been reported to show a type of brain anomaly, exencephaly, due
to disturbance of neural tube closure (31, 32). These findings suggest

that there is indeed an embryoprotective function of pS3; the anom
alous results are apparently due to differences in the background
strains of the targeting mice. In this context, the CBA and C57BL16
background of the targeting mice we used might be important. Al
though the number of the p53-null offspring was reduced as compared
with p53 wild-type littermates in our study, the reduction rate was not
statistically significant. However, brain anomaly previously reported,
and our results for transplacental induction of brain tumors are con
sistent with the observed high-level expression of p53 during early
embryogenesis, both in the developing brain and in other tissues
(33â€”35).We conclude that loss of the embryoprotective function of
p53 might predispose not only to teratogenesis but also to carcino
genesis, especially in the brain.
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